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ABSTRACT

A previously obtained set of experimental data on the failure of
three-dimensional graphite composites under shock loading was examined.
The critical event was determined to be fracture in the fiber bundles
parallel to the shock direction. Physical considerations, as well as
a simple approximate equation and a computer model of the fiber bundle
fracture, show rather definitely that for pulse widths less than 0.5
psec the variability in the strength of the individual fibers is the
primary cause of the observed stress-pulse width relationship. The
assumptions of the computer model include a static stress concentration
around the broken fibers and a fiber strength described by an extreme
value distribution. ~~~~~~
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INTRODUCTIO N

The proposed use of graphite composites in missile sub~tructures has created
a need for understanding their fractur~.. under shock loading. A set of composite
materials has been fabricated and shock loaded by Effects Technology, Inc., under
Army sponsorship.’ The present study formulates a physical theory of dynamic
fracture consistent with these tests.

MATERIAL DESCRIPTION

The set of composites consisted of three samples with the following con-
struction. Several layers of conventionally woven graphite fabric in the x-y
plane, with z direction graphite fibers between the warp and filling , formed a
three-dimensional structure which was filled with phenolic resin SC1008. The
yarns used for the fabric and in the z direction are later referred to as fiber
bundles. Sample M~ has low fibers (6x10

6 psi or 4.4x106 bars) in all directions
and a low porosity. Sample Mh differs in that the z direction fibers are high
modulus (59xl06 psi or 4.07xl06 bars). Sample Mhp differs from Mh in that it
has about 10% porosity.

EXPERIMENTAL DATA

The samples were shock loaded using magnetic flyer techniques. Mylar and
polymethyl methacrylate (PMMA) flyer plates giving approximately square wave pulses
of width from 0.2 to 2.0 microseconds were used on specimens of 0.6-centimeter
thickness to measure fracture thresholds and attenuation. The impacted specimens
were sectioned and polished to determine the fracture thresholds , defined in terms
of microscop ic damage. Tuler and Graham 1 then converted the flyer velocities and
flyer thicknesses at fracture threshold to impact stresses and pulse widths using
the fiber bundle and matrix impedances. They also used the attenuation data to
compute the stresses at the rear surface at fracture threshold. The stress-pulse
width data are plotted in Figure 1 to show the observed failure characteristics.
The immediate conclusion from the data is that the stress at fracture threshold
varies with the width of the pulse and this relationship is nonlinear. A closer
examination of the data leads to the following additional conclusions. Although
stress at the fracture plan e shou ld best descr ibe material re sponse , one decides
that either front face or rear face data can be used since the nature of the time —

dependence remains essentially the same. Voids do not appear to improve material
performance. From the calculated stress in the matrix, there are only small dif- j
ferences between the behavior of the three materials. From the calculated stress
in the fiber bundles, the fiber modulus does affect performance; M~ (lower modulus)
has a consistently lower impact strength.

In the search for the orig in of the time dependence the sec tioned and pol-
ished specimens were reexamined in more detail and the following qualitative
description of the fracture was compiled. All specimens have cracks at the fiber-
matrix interface; these were concluded to be fabrication defects. The complex

I .  TULER , F. R., and GRAHAM, M. E. Stress Wave Darnaj ~c in ,4th’anced Concept Materials. Effects Technology, inc..
Santa Barbara, CA, Contract DAAG46-71C-0073 , Final Report , AMMRC CTR 72-I l, July 1972.
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I - low modulus fibers
h - high modulus fibers
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o Rear face - fiber bundles

~~2 0 ’  
h

Approximate average curve
vs Oh
-s hp

Oflp
to .  I

Oh

hp%h hp Oh hp5 .  L
1

h
(1 

tspA 
, hDc 1

Vt~
- 0 0.5 1.0 1. 5 2.0

Pulse Width l~ sec)

Fiyure f .  Experimental fracture thresholds.

microstructure of the composites allows man y variations in the fracture pattern .
Additional cracks in the matrix, fiber breaks in the z direction bundles, and corn-
plete separation are the types of damage observed . No significant differences
were noted in the fracture patterns in the three materials, only differences in
the impact stresses at which phenomena occurred . The sequence of events as stress
increased or the pulse lengthened was , first , increasing numbers of cracks in the
matrix, then cracks in the fiber bundles, and finally complete separation. The
first fiber breaks were isolated or near-neighbor fibers fracturing at locations
which might be displaced axial ly  by several fiber diameters . As damage increased
these fiber breaks coalesced into a jagged crack .

FORMULATION OF A MODEL FOR SHOCK DAMAGE

Traditional descriptions of shock-loading damage relate the stress and pulse
width conditions that give a defined threshold or total fracture. Several such
criteria reviewed by Cohen and Berkowitz2 were examined for applicability to the
composites of this study. The power law criterion of Butcher and Tuler,3 the
rate process criterion , and an exponential criterion were found to fit the experi-
mental data well for all three materials. These criteria offer little insight
into the mechanism of fracture, however.

~ 2. COHEN , L. 2 .. and BERKOWITZ . II. M. Ti~ne-Depen den i Fracture &iteria J i r  6061- T6 Aluminum Under Sirers- Wale Loading
in Uniaxial Strain. tnt.  J. Fracture Mechanics , v . 7, no. 2 . 1971 , p. 183- 196.

3. TULER , F. R., and BUTCHER , B. M . A (‘riter ion for the Time f lep entienc e of Dynamic Fracture. tn t .  J . Fracture Mechanics ,
v . 4 , no. 4 , 196 8, p. 43 1-437.
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Formulating a failure mechanism implies examining the materials at the micro-
mechanical level. For composites this means locating the critical element: ma-
trix, fibers, or matrix-fiber interface. For shock loading at room temperature
the matrices used are below their glass transition temperatures and thus are
elastic, brittle materials. Therefore the matrix is not a good candidate for a
source of the time dependence observed in the experimental data. Similar argu-
ments should apply to the fiber-matrix interface. The fiber bundles in the z
direction are known from comparison-with data from other layups to provide the
largest fraction of the strength of these materials. It was therefore concluded
that fracture of the fiber bundles was the critical step in the fracture of the
composites .

The question then is how a large group of parallel cylindrical elastic bodies
(a fiber bundle) of varying strength can show time-dependent fracture . Of the
possible s~urces of a rate effect, i.e., dynamics, quantum mechanics, and thermalmotion, the latter two are eliminated by the fact that rate effects are not ob-
served in bare fibers. Turning to dynamics as a source, since the fibers in the
bundle are of varying strengths, the arrival of a pulse of a given tensile
strength may break only a fraction of the fibers. From each broken fiber a dis-
turbance propagates with the velocity of sound in the material. The propagating
disturbance increases the stress on neighbor ing fibers. Whether this increase
leads to a cascade of fiber breaks depends on how high the stress is, on how
short the pulse is, and on the fiber strength distribution.

A computer model of the fiber bundles was constructed to calculate the effect
of the strength distribution. A one-dimensional array of parallel contiguous
fibers is considered along one cross-sectional plane of the fiber bundle. A ran-
dom number generator is used with the third asymptotic extreme value distribution
to generate a fiber strength distribution . This gives the probability 4~ 

of
strength less than S in terms of three parameters :

I r(s_s~nh/m
~

= 1 - exP~~~~ [~S s ) j  I . (1)

The disturbances from broken fibers are assumed to expand by one fiber diameter
in each time interval and to immediately assume the static stress distribution
around a hole in a plate. The stress on each fiber is calculated at each time
interval and compared to its strength. The time for fracture of the bundle is
thus found as a function of the strength distribution characteristics and the
applied stress. Details are given in the appendixes .

DATA FROM THE MODE L

The first calculation scheme used in the model required calculation times too
long for realistic fiber bundle sizes (a thirty-second limitation on an IBM 370 or
a two-minute limitation on a Univac 1006 was imposed by the investigators) . The
experimental fiber bundles contain approximately 10,000 fibers which is a diameter
of 100 fibers; thus 100 fiber arrays would simulate the experimental configuration.
However , calculations on 20 fiber arrays did show time dependence in the fracture

3
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data motivating further refinement of the model . An alternative calculation
scheme was found which allowed at least six runs within the time limit . This was
used to study the model.

The first check on the model was the use of the following simple analysis.
As a first approximation the fracture time is that required for the disturbances
from broken fibers to reach each other’s sources. The density of broken fibers
is found from the probability of fracture of a fiber for a given pulse strength.
For this simple analysis with its assumptions, the fracture time t expressed as
a multiple of wave travel time across a fiber d/c is the reciprocal of the prob-
ability of fiber fracture:

t/(d/c) = 1/+ . ( 2 )

These analytical fracture times are compared to the computer data in Figure 2.
The agreement tends to confirm the validity of the model calculations . (It will
be seen below that this agreement was somewhat fortuitous.)

3 0 .

~ :. Computer Data

Analytical Relationvs 15

10 -

- 
Figure 2. Computer and analytical fracture thresholds.

= 34. S~ 1.0, m = 5.

(1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

0 25 - 50 75 tOO
Model Time Units (d’ci

To facilitate comparison of the computer data with the experimental data, a
mean curve was drawn through all the experimental data. Two assumptions were
necessary before the comparison could be made : the propagation velocity of the
disturbance and the parameters of the fiber strength distribution . Our physical
understanding of the mechanism led to the assumption that the disturbance propa-
gates with the shear wave velocity in the material. When this was inserted in the
computea model , the model and experimental data have similar pulse width ranges.
The fiber strength distribution for the z bundle fibers in the material was not
available . Such information for fibers of higher modulus (Celanese 70) was found
and parameters for the extreme value description were generated using a technique

4
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described by Matthews, McClintock , and Shack .~ These parameters were used in the
model as a first approximation from which adjustments were made to improve the
agreement between the experimental and computer fracture data. Figure 3 shows the
experimental mean curve, the computer data which best fits it , and the analytical
curve for these parameters . Differences between the analytical and computer data
occur at lower values of m where the fiber strength variability is greater. This
should have been expected from the cascading of fractures required to stress the
remaining fibers to their strengths. The simple analysis neglects such cascading
which explains its divergence .

3 .

I.2 
• Computer Data

1 Calcul ated static str ength of fiber

Average Experimental Data
Figure 3. Experimental, computer , and nnalytica l
fracture thresholds. S0 = 40, SQ = 1.0 , m = 1.25.

:~
‘

Pul se Width ~csec~ 
—

The differences between the experimental and computer data led to speculation
that the model assumed an incorrect stress distribution around broken fibers.
Several other stress distributions were explored but non e of them showed as much
time dependence as the original one. It was then concluded that this was the best
fit possible with the model formula ted.

Tuler and Graham1 calculated the static strength of the fiber bundles to be
13.7 kilobars . They attribute experimental values below this level to compressive
wave damage. Although no substantial visual evidence of such damage was seen, a
preliminary calculation of static buckling showed that the fiber bundles could
buckle under the load pulse conditions . In fact, such buckling could be the ex-
planation of the disparity between model and experimental data at low stress
levels and long pulse widths . Further investigation of buckling was beyond the
scope of this study.

4. MATTHEWS, 2. R., McCLINTOCK , F. A., and SHAC K , W . J .  Sta tittical Determinat ion of Flaw Density in Brittle Materials.
Industrial Liaison Program Report, M.I.T.. 1974.
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CONCLUSIONS

The critical element in the fracture of three-dimensional graphite composites
under shock loading is the fiber bundles in the shock direction. If the observed
relationship between stress and pulse width is attributed to the variability in
the strength of the individual fibers, it can be modeled by considering distur-
bances propagating from fibers as they break. The computer model based on these
assumptions generates fracture data which are the same order of magnitude and
general nature as the experimental data. The, interaction of the shock with the
material is more complex than assumed in the model . Compressive wave damage is
apparently also possible. However, the model shows that the time dependence for
pulses of width less than 0.5 i.isec can be attributed to the fiber strength - 

-

variability .

Further details of the computer model and the sample study can be found in
the appendixes .
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AP~ENDIX A. BACKGROUND MATERIAL

INTRODUCTION

Composi te materials offer poss ib ilities for creative desi gn to the materials
engineer. Since they are assembled by technology, their properties can be varied
to fit the intended application. The anisotropy and inhomogeneity that are design
assets create problems for the materials eng ineer since his standard analytical
tools and laboratory methods are not adequate to deal with them. The development
of more sophisticated analytical tools is currently under active study by many
workers. An even stronger effort is being applied to the experimental study of
composite material properties.

The study described herein concerns one specific aspect of one type of com-
posite material. Dynamic failure of materials is here understood to mean impact
by a stress wave rather than simply rapid loading.

Three types of reinforcement fibers have been used in sizable amounts in
composite structures: glass, graphite , and boron . The composites studied here
contain graphite fibers. This then is a discussion of the shock loading of graph-
ite composites .

Shock loading can be ideal ized as the impingement on a target of a pulse of
maximum stress o, duration t or t~t, and infinite lateral extent. As far as pos-
sible , edge effects are minimized by utilizing a part that is large compared to
the wavelength of the pulse. The shape of the pulse depends on the source of the
stress wave . Gas guns and other methods where a flyer s thrown at the target
resul t in square pulses . When the stress wave is due to an explos ive charge set
off on one face of the target, the pulse is approximately triangular. For square
pulses the duration is clearly defined. For triangular pulses some convention
must be used to measure the duration .

Graphite composites with a great variety of properties are available. The
two sets of materials studied here are representative of this range. One is three
dimensional with reinforcement in the three mutually perpendicular directions
while the other is unidirectional with reinforcement in only one direction . The
fibers used as reinforcement range from the lowest modulus to the highest modulus
commonly available. Both matrices are in wide use in composite technology.

Prior to this study a body of experimental data had been developed for these
materials.1

’5 The question remains whether a failure criterion can be developed
which will fit the shock-loading data and link dynamic fracture to static
properties .

5. GRAh AM, M. E., and McFIENRY , M. R . Plow Impact Testing of composites. Effects Technology, Inc., Santa Barbara , CA,
CR-73-I39 , June 1973.
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MATERIAL DESCRIPTION

Three-Dimensional Composi tes

Two properties of the three-dimensional composites were varied for the study:
the fibers in the shock direction and the porosity or void content . The structure
used for these composites is a conventional woven fabric in the x-y plane with z
direction fibers between the warp and f i l l ing . The result is solid fiber when
sectioned through the fabric in the x-y plane but shows spaces between fibers in
the x-z and y.- z planes . After the structure is assembled , it is impregnated with
the matrix resin. The properties of the materials are described in Table A-i.
All samples contained low modulus fibers in the woven fabric and approximately
fifty percent fibers by volume. The matrix resin is a phenolic in widespread use
for graphite composites , SC1008.

Filling the fiber structure with resin is difficult because the polymers used
are viscous even in the uncured state. In addition, the polymers shrink when
cured. Thus the finished product will have some porosity unless careful use of
vacuum and pressure is employed . Microscopic examination of the study materials
showed that the porosity of M1 (low modulus fibers, low porosity) and M2 (high
modulus , low porosity) is in the form of cracks in the matrix “cells” of the
structure. The porosity of M3 (high modulus , high porosity) includes completely
missing resin in some cells in addition to the cracks.

Both the longitudinal and shear wave velocities in the materials were mea-
sured (Table A-2).1 It should be noted that the modulus of the z direction fibers
has a large effect on the longitudinal velocity while the porosity does not affect
either wave velocity. This indicates that the fibers are the primary path for the
pa~sage of the sound waves. Also reported is a calculated longitudinal velocity
based on the z direction fiber modulus and density. These apply to the fibers

Table A— l . THREE-DIMENSIONAL COMPOSITE PROPERTIES

Fiber Fiber Volume
Fibers in Modulus Strength Composite Fraction

Material z Direction (psi) (ksi) Density Voi ds
M 1 (M 1) WYB 6 x 106 90 1.256 O.6~
M2 (M h) Thornel 50S 59 x 106 292 1 .284 1.5%
M 3 (Mhp ) Thornel SOS 59 x 106 292 1.17 10.6%

Table A-2. SOUND VELOCITIES IN
THREE-DIMENSION AL COMPOSITES

Longi tudi nal
Wave Shear Wave

Velocity Velocity
Material (cm/usec) (cm/~sec) E/p

N1 0.53 0.196 0.56
N2 1.15 0.185 1.56

1.14 0.185 1 .56
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alone and should be modified by using the bundle modulus and density to account
for the resin in the fiber bundles which explains the discrepancy between the
measured and calculated values .

No other static mechanical properties of the three-dimensional composites
were measured.

Unidirectional Composites

One property of the unidirectional composites was varied for the study: the
modulus of the reinforcement fibers. The materials were fabricated from prepreg
using an autoclave cure. Although the intention was to have identical volume
fraction fiber and voids this was not achieved. Table A-3 shows the values mea-
sured by acid digestion. The fibers are identified by manufacturer , wi th Pluton
being a 3M product (see Table A.-4 for their moduli). The large void content of
the Pluton composite has added another factor to the study. Any results must be
interpreted with both the differing fiber modulus and this porosity in mind .

Using the “rule of mixtures” with the fiber and matrix properties, theoreti-
cal longitudinal tensile moduli and strengths were computed (Table A-4). Tension
tests of the materials in the fiber direction using a bow-tie configuration gave
modulus values which agree well with the theoretical values but only the Pluton
strengths approach theoretical (Table A-5). Failure for the Hercules and Celanese
specimens was at the edge of the gage area. This reflects a common difficulty
encountered in tension testing composites over six or eight plies thick (these
were about twenty plies thick). Transverse tension tests using the same specimen
also showed difficulty with the test procedure. The Hercules specimens failed in
the gage area while the Pluton and Celanese specimens did not. As shown in Table
A-6, addition of the fibers to the resin increases the transverse modulus but de-
creases the transverse strength of the test specimen . (The resin data is from
American Cyanamid and 3M.) Two other sets of mechanical tests completed the mech-
anical characterization of the material, short beam shear and flexural tests. The
shear failure surfaces were rough edges with no distinct evidence of delamination .
Discussion with others who have done similar testing indicates these are typical
graphite composite short-beam shear failures. Figure A-i shows the strength ver-
sus span relationships measured. It is interesting to postulate that the differ-
ing slope for the Pluton material as opposed to the Hercules or Celanese materials
can be attributed to the increased void content of the Pluton .

The test configuration of both the tension and flexure specimens was con-
strained by the size of the pla tes to be damaged , i.e., the as-received and shock-
damaged specimens were to be of the same dimensions. This was of some difficulty
for the tension tests but much more serious for the flexural tests. A nonideal
four-point loading test configuration was used to obtain the results in Table A-7.
The Pluton failures were at the midpoint of the beam and of a tensile nature. The
Hercules and Celanese specimens failed under one of the loading points and thus
gave inadequate tests. Further research on the test method has not resulted in
an adequa te method .

One other type of mechanical testing was applied to some of the unidirec-
tional ma ter ial .  A Vibron to measure the loss modulus and storage modulus was

9
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Table A— 3. FIBER AND VOID CONTENT OF
UNIDIRECTIONAL COMPOSITES

Volume
Vol ume Voi d Fraction

Fraction Content Resin Density
Fiber Fiber (%) (computed) (grams/cc)

Pluton 0.585 5.7 0.358 1.318
Hercules 0.475 0.05 0.524 1.563
Celanese 0.515 1.0 0.475 1 .604

Table A-4. RULE OF MIXTURE TENSILE PROPERTIES OF
UNIDIRECTIONAL COMPOSITES

Fiber Fiber Composite Composite
Modulus Strength Modulus St rength

(psi) (ksl) (psi) (ksl)
Fiber

Pluton 6 x 106 120 3.70 x 106 7 3 5
Hercules 50—60 x 106 250—32 5 26.4 x 106 141.2
Celanese 70 x 106 300 36.3 x 106 158.9

Matrix

BP907 0.53 x 106 9.28

Table A—S. MEASURED TENSIL E PROPERTIES OF
UNIDIRECTIONA L COMPOSITES

Modulus Strength Elongation
Fiber (psi) (ksi) (%)

Pluton 3.90 x 106 75.7 2.09
Hercules 25.6 x 106 66.8 0.25
Celanese 35.9 x 10~ 62.7 0.17

Table A-6. MEASURED TRANSVERSE TENSILE
PROPERTIES OF UNIDIRECTIONAL COMPOSITES

Modulus Strength Elongation
Reinforcing E (psi ) (ksi) (%)
Fiber

Pluton 1.17 x 106 1.45 0.10
Hercules 1.12 x 106 5. 52 0.54
Celanese 0.88 x lO~ 3.06 0.35

Matrix

BP907 0.53 x 106 9.28 -
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available . It will accommodate only samples of two or three plies . Such samples
were fabricated from Hercules prepreg . The peaks in the curves measured on these
samples indicate that the matrix is a rubber-modified epoxy. However, when the
peak associated with the rubber is shifted to the frequency applicable to shock
loading, it is st ill above room temperature. Therefore, the matrix will be an
elastic material under shock-loading conditions.

The mechanical properties of the unidirectional materials indicate that they
are average or typical materials.

tO

= 6
0 SIIOCI< DAMAG€Ø

MATERIAL
A Table A-7. MEASURED FLEXURAL PROPERTIES OF
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UNIDIRECTIONAL COMPOSITES - FOUR-POINT LOADING

Reinforcing Modulus Strength Elongation

~ 4 Fiber E (psi) (ksi) (%)
0 PLUT0~ C Pluton 2.08 x 106 80.8 21.6
A I 6R C ULf  S Hercules 7.36 x 106 90.9 17.5

2 D C ELA NES6 Celanese 11.97 x 106 8 4 4  19.5

2 4 6 8 0 12

l/d RAT IO

Figure A.1 - Short beam shear strength of
unidirectional composites.

SHOCK LOADING

Two characteristics of the materials under shock-loading conditions were
measured : fracture thresholds and attenuation .

Three-Dimensional Composites

All measurements on the three-dimensional composites were made with magnetic
flyer plate assemblies. These result in square pulses with the width of the pulse
equal to twice the thickness of the flyer. The height of the pulse, i.e.,, its
peak stress, is determined by the velocity of the flyer and therefore by the elec-
tromagnetic charge which drives the flyer.

Two types of fracture threshold measurements were made: compressive wave
and tensile wave damage. For the compressive wave shots the specimen was backed
with a second piece of the test material . The pulse due to the flyer traveled

-
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through the specimen as a compressive wave and on into the backup. For the ten-
sile wave shots the back surface of the specimen was free. The pulse traveled
through the specimen as a compressive wave, was reflected from the back surface,
and traveled back through the specimen as a tensile wave.

In fracture threshold measurements a series of specimens is impacted with
pulses of varying heights. The specimens are examined and categorized as to the
amount of damage. The examination is done both macroscopically and microscopi-
cally. For the microexamination the specimen is sectioned in the x-z or y-z
plane, in the pulse direction, and polished. Most investigators set up arbitrary
qualitative amounts of damage as the fracture thresholds or failure points. Some
have used quantitative measurements of damage but this involves large amounts of
laborious work.

All impacted fracture threshold specimens were 250 mils thick . Three flyer
thicknesses were used: 60 mils , 30 mils , and 10 mils; that is approximately 1/4 ,
1/8 , and 1/25 of the specimen thickness . Flyer velocities between 0.40 and 0.006
centimeter per microsecond were used. (This is a stress range of 30 kilobars to
one kilobar.) The impacted specimens were categorized qualitatively as to macro-
scopic damage, then sectioned and categorized qualitatively as to microscopic dam-
age. Figure A-2 shows the fiber damage thresholds and matrix damage thresholds
determined for each flyer thickness on each material. The obvious conclusion
f rom this data is that fracture of the materials is a function of both the impact
velocity of the flyer and the thickness of the flyer. Further examination shows
that neither the modulus of the z direction fibers nor the porosity of the speci-
men has a large effect on the resistance of the material to shock loading.

IM AN~ M~ DATA OFFSE T ~) SHOW LO~ A T-~ S)
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0 ISO V ISUA. DAMAGE

~~- 020 2.3

~~C SPA~~

~~~ OI5
U ‘ 2 30 .AM~~A T 

~~ ~

I- 010 JI)
X) ~-. .3 SPA , cPA ~~.

)AMA3F -

~~~~~~~~~~L_~ - -- _ _ _ _

004 0 12

FL YfR TH’CRNESS C M ’

Figure A-2. Fracture thresholds.
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Two types of attenuation measurements were made on the three-dimensional corn-
posite materials: stress wave attenuation using quartz gages and micromechanical
behavior using streak camera photography. In the stress wave technique a quartz
gage attached to the rear surface of the specimen records the stress wave after
it has passed through the specimen. This was done for three thicknesses: about
one third, one half, and the thickness of the fracture threshold specimens. The
measurements were taken with two flyer velocities which bracket the threshold
velocities. The resulting data is shown in Figure A-3.

To gain further insight into the mechanism of attenuation as measured by
these data, Effects Technology normalized the gage stress and the fiber bundle
thickness. The normalized stress is the ratio of the back surface stress to the
input stress. The normalized bundle thickness is the ratio of the wave transit
time to the input pulse length. The resulting curves (Figure A-4) show the effect
of flyer thickness. Since the velocity of the pulse is different in the fiber
bundles and in the matrix , the wave transit time is different in the bundles and
in the matrix. When the normalized thickness differences between matrix and fiber
bundles (Figure A-5) are plotted, a set of curves for each flyer thickness is also
produced.

The micromechanical measurements using streak camera photography look more
closely at the response of the fiber bundles and matrix to the Stress pulses.
The data consisted of free surface velocities for each constituent and the dif-
ferences in wave velocities. Attenuation description from this data consists of
one set of flyer conditions. The noteworthy result (see Figure A-.6) is that at
the thicknesses of the threshold specimens the differences in the free surface
velocities are not large fractions of the velocities.

30

00254 CM M1 —

MY~.AR Al N1. — — —
0 14 CM/~.SEC N5——-.

4

~~2O ~ \ \
N 0 THIN FLY ER

08 ~ THI CK FLYER

N
; 0 2  ~~~~~ •~~ 4

0 025 030 20  40 60 80 100

SPECIMEN THICKNESS (CM) ISORMAL IZED FIBER BUNDLE THICK NESS

Figure A-3. Stress wave attenuation in Figure A-4. Normalized attenuation in
three-dimensional composites. three~JimensionaI composites.
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In order to examine the data more closely, Effects Technology computed the
stress at the back surface from the free surface velocities. This was normalized
as before (division by the input stress) and plotted as a function of the normal- -

ized specimen thickness (Figures A-7 and A-8). Note that for the fiber bundles
all the data for a material fell on a single curve regardless of flyer thickness
while for the matrix the thin flyer and thick flyer data required separate curves.
The straight lines of the matrix data were the result of the lack of further data
points to define the shape of the curve. It is quite likely that curves similar
to those for the fiber bundles would be better descriptions of material behavior.
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Figure A-5. Differences between fiber bund)e and Figure A-B. Attenuation data from streak camera
matrix attenuation, measurements of three-dimensional composites.
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Figure A-7. Normalized fiber attenuation data. Figure A.8. Normalized matrix attenuation data.
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From the streak camera data, Effects Technology computed the stress a quartz
gage should measure. These values are compared with the measured quartz gage
stresses of the previous set of experiments in Figure A-9. The lack of agreement
indicates that some of the assumptions made in the calculations are erroneous.
Effects Technology attributes these differences to the spreading of the wave as
it passes through the specimen, i.e., the nonplanarity of the wave front.

Effects Technology draws several conclusions from the attenuation data. They
state that attenuation depends strongly on fiber modulus, giving a doubling of at-
tenuation rate for a tenfold change in modulus. They qualify this by noting that
spreading of the pulse because of the differing velocities in the matrix and fiber
bundles causes a larger decrease in stress. They state that porosity increases
attenuation. The stress reduction is the same for varying porosity but the normal-
ized thickness necessary for this reduction decreases with increasing porosity.

The attenuation studies show that the stress pulse is modified in passing
through the materials. Thus the impact stresses and pulse widths at initial im-
pact are not the stresses and widths which apply when the tensile damage occurs.
Effects Technology calculated the rear surface stresses using the attenuation
information with the initial impact data. Although these are not the conditions
at the damage location, they are a better approximation of such conditions. The
resulting curves can be linearized by using a log-log plot (Figure A-b ). This
is, however, an insensitive means of examining the data and the differences be-
tween the materials no longer are evident. Quantitatively the curves drawn to
fit the data state that the pulse stress-pulse width relationship is lna = A - lnt.
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a. Thin Flyers b. Thick Flyers

Figure A-9. Predicted and measured attenuation in three-dimensional com posites .
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Figure A-1O. Rear surface stress-pulse width relation.

Unidirectional Composites

In addition to the fracture threshold and attenuation measurements made on
the unidirectional materials, large plates of the materials were shock damaged
for post-test mechanical characterization.

Because the unidirectional composites were shock loaded transverse to the
fibers their strengths were much smaller than those of the three-dimensional corn-
posites. The threshold levels were at the bottom of the range of magnetic flyer
techniques. In an effort to improve the quality of the data, contact explosive
experiments were also run. The data from all threshold shots is shown in Figure
A-il. Some crossply Hercules samples were also tested; these were identical to
the Hercules unidirectional samples except for layup. The resultiLg data is com-
pared in Figure A-l2.

The limited amount of fracture threshold data makes conclusions difficult to
draw. With square pulses the three unidirectional mateu ials appear to have the
same threshold. The threshold for triangular pulses appears slightly higher but 4
still shows no differences among the materials. The puzzling aspect is the lack
of any indication that the fracture stress depends on the pulse length .

The attenuation experiments consisted of an initial triangular stress pulse
of about two kilobars peak being applied to varying thickness specimens . The H
resulting data is shown in Figure A-13. It is quite evident that the Hercules
unidirectional and crossply materials show the same behavior. The Celanese and
Pluton materials show a large degree of scatter that make the assumption of lin-
earity less firm. The increase in attenuation from material to material can be
correlated with volume fraction of fiber (see Table A-3).
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The damage conditions for the damage plates are given in Table A-8. They
were chosen to be fractions of the threshold values to be abbe to follow the
progress of damage.
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Figure A-li. Fracture thresholds of Figure A-12. Fracture thresholds of
unidirectional composites. Hercules fiber material square pulses.
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Figure A-13. Stress wave attenuation in unidirectional composites.

17

__-

.~~~~ — -, — ---- —~~~~~ 

•__
_~~~~~I_ .._ ___ 1 b

~W 
— — 

~_ -  —



______ — ______________

- - - - - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
~~~~~~~~~~~~ 5-~~~~~~~~~~~~~~~~~~~~~~~ l~~~~ --

-- - --- ~~~~~~—- I
~~~~~~~~~~

Table A-8 . DAMAGE CONDITIONS FOR LARGE PLATES

Test Condition
Pulse Hei ght Duration

(kbar) (usec) Soecicen

1.84 0.53 P0-7

1.43 0.71 HD-3 HO-S HD-1O ID—Il
CD-fl CD—12 CD—1 3
PD—S P0-12 PD—13 P0-14

0.88 0.28 HD— l HD-2 HD-8
CD-4 CD-5 CD-9 CD-iD
P0-6 PD-il

0.28 0.32 HD—4 HD-5 ~O-6 lID-iCD-6 CD-7 CD-8
P0-8 PD-9 PD-tO

NATURE OF SHOCK DAMA GE

The examination of ti e damaged specimens after impact determined when damage
occurred but did not provide a sufficiently detailed description of where and how
it occurred. The mounted and polished specimens were received from Effects Tech-
nology and examined in greater detail.

Three-Dimensional Compos ites

A preliminary survey of the three-dimensional composite samples led to the
establishment of categories of damage . Each sample was then evaluated and its
damage classified (Table A-9). As a result of this , some conclusions were drawn .

1. All samples have cracks at the interface between the matrix and the
fibers . These cracks can be assumed to be the result of fabrication .

2. No high modulus , high void (M3) samples have longitudinal cracks in the
matrix.

3. For high modulus, low void (M2) samples no damage to the longitudinal - :
fibers occurs with a flyer velocity of 0.089 centimeter per microsecond or less.

4. For the other two samples (M1 and M3) damage to the longitudinal fibers
does not correlate with flyer velocity. Broken longitudinal fibers do not occur
below a velocity of 0.042 centimeter per microsecond . Above this level they do
not necessarily occur.

These observations indicate the difficulty in assigning a fra cture level to
a composite material where a mul titude of defec ts are possible and damage can
occur in many ways . The sequence of events that lead to failure is not obvious
from these observations .

The information in Table A-9 was used to determine whether any of the ob-
served damage can be attributed to the compressive wave. Shots employing only
compressive waves were compared with tensile wave shots of the same or similar
flyer velocities . There was no consistent difference in the damage observed when
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Table A—9. DETAILED DESCRIPTION OF SHOCK-LOADIN( DAMAGE OF THREE—DIMENSIONAL COMPOSITES

Lon gi tu din al Transvers e Fl FlFibers Fibers Resin Thlc~ness Ve1~city
Shot A B C D A E F B G (mils) (cnh/usec)

a. Material N1 — 2546 x x x x 10 0. 19
Low Modulus , 2929 x x x x 60* 0.13
z Di rection Fibers 2633 x close x x lot 0.10

2635 x x x x 10 0.089
2524 x 1/3 x x x 30 0.052
2545 x x x x 3Q* 0.042
2531 x 1/3 x x x x 3Ot 0.042
2520 x x x x 30 0.035
2516 x x x x 60 0.0175
2544 x x x 60t 0.0145
2521 x x x x 60t 0.0145
2923 x x x 60 0.10

b. Material N2 - 2554 x 1/3 x x x 10* 0.167
High Modulus , 2548 x 1/3 x x x 10 0.167
z Direction Fibers 2931 x x x x 30 0.130

2606 x 1/3 x x x lot 0.100
2607 x x x x 10 0.089
2550 x x x 3Ot 0.042
2534 x x x 30t 0.042
2541 x x x 30 0.035
2931 x 1/6 x x x 60 0.025
2532 x x x 60t 0.0145
2553 x x x 60* 0.0145
2875 x x x x 60 0.010

c. Material N3 — 2907 x x x x 10 0.19
High Modulus 2722 x x close x x 10 0.167
Fibers , High 2755 x x x x 10* 0.167
Voi d Content 2932 x 1/2 x x 60 0.130

2724 x x x lOt 0.100
2744 x close x x x 30 0.042 5 -

2751 x x x 30* 0.042
2726 x x x 30t 0.035
2916 x 1/6 x x 60 0.025
2745 x x x x 60 0.0145
2750 x x x 60~ 0.0145
2922 x x x 6Ot 0.010
2725 x x x 60 0.006

*Com pressj ve wave only
tThreshold as defined by ETI
Damage Code: A - no damage B - long itudinal cracks

C - broken fibers D - distance from edge
E - some cracks F - interface cracks
G - edges blown away

only a compressive wave travels through the specimen and when the compressive
wave is followed by a tensile wave. Therefore, there is no evidence that any of
the observed damage is due to the compressive wave.

Unidirectional Composites

The unidirectional fracture threshold specimens were sectioned and polished
both parallel and perpendicular to the fibers. Only the magnetic flyer threshold
specimens were available for examination. Several conclusions were drawn from
the examination. Damage occurs at lower stresses in the transverse sections than
in the longitudinal sections, thus cracks develop first orthogonal to the fibers

19

— 
.5- - , 

- ~~~~~~~~ — ~~~~~~ ~~~~~~~~



5-: ~~ ~~-
5-~~~~-_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~

and later parallel to the fibers. Damage consists of both wide and narrow cracks
of varying lengths . In general , they are in the matrix material and not of
straight path. Although some cracks are in the shock direction and at varying
angles to the shock direction, the maj ority are perpendicular to the shock
direction.

There are no significant differences i.n the appearance of the materials , in-
dicating that neither fiber modulus nor porosity have a significant effect on the
appearance of failure . The holes or voids in the Pluton material do not appear
compacted.

The damage plates were cut and examined in several ways . The sectioned and
polished pieces showed no evidence of damage , i.e., no cracks in the materials.
Acid digestion measurements of the fiber volume fraction and void content indicate
that shock loading has not changed these quantities . Short-beam shear tests mea-
sured consistently higher values than those measured on the as-received materials
(see Figure A-l). These differences are larger than can be explained by the
change in surface condition which occurred when the damaged plates were prepared
for shock loading.
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APPENDIX B. MODEL DEVELOPMENT

A QUALITATIVE DESCRIPTION OF FRACTURE

The majority of current work on shock loading of homogeneous materials quan-
titatively describes the shock damage by measuring the void or pore distribution
in the damaged material. This task is more difficult for composite materials be-
cause of the crack and void patterns present in undamaged material.

For this study , the characteristics of the “as-received” materials were based
on the micrographs provided by Effects Technology . As a result a detailed quali-
tative description of the fracture process was assembled but no quantitative data
collected. The microcracks, apparently due to fabrication , are predominantly in
the z direction . In the damaged materials there are additional cracks in the x-y
plane of the composite (at fracture threshold). The majority of these x-y cracks
extend from one z bundle to another. In the z direction f iber bundl e damage is
not necessarily in contiguous fibers or at the same location along the fibers.

Several quantitative descriptions or models of the fracture were explored .
One was a calculation of the energy lost by the pulse in passing through the
sample. The calculated pulse stresses and widths based on both the fracture
threshold and attenuation data were used with several assumptions : the pulse is
square; the pulse velocity is equal to the longitudinal sound velocity in the
composite; and the pulse energy is given by the product of the height P, width t, . —

and velocity v (E = Ptv). The values thus calculated show only small differences
between the pulse energies at the front face and the pulse energies at the back
face . In fact, these differences are apparen tly smaller than experimental error.
The available experimental techniques are thus not sufficiently accurate to make
this a valid means of describing fracture .

The above rough energy calculation led to exploring what possible processes
absorb the energy during the pas sage of the pul se through the material. Matrix
material such as the phenolic of the three-dimensional composites is an inter-
connected network of long polymer chains. A typical structure for the phenol ic
was foun d using Len z ,6 and the necessary bond breakage to fracture the structure
was postulated . The number of bonds which would have been broken if all the
energy lost by the pulse went into bond breakage was calculated from the above
pulse energy losses . The calculated number was several times the structure frac-
ture number. It was concluded that energy is absorbed by rearrangement , vibra-
tion , and man y other processes bes ides bond breakage when the matr ix fractures .

Many theoretical analyses of fracture processes predict crack velocities
which are related to sound velocities in the materials. The observed cracks in
the three-dimensional composites were used to calculate crack velocities in the
materials. Three assumptions were required : a crack propagates only wh ile the
location is acted on by the pulse; the crack propagates across one matrix “cell; ”
and the pulse width at the tens ile plan e is the rear surface pulse width.  Three

6. LENZ~ R. A. Organic Chcmist ri of Syn thet ic 111gb I’olrn,e r c . Intcrsciencc , New York , 1967 , p. 1 28-133.
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TRADITIONAL DESCRIPTIONS OF SHOCK-LOADING DAMAGE

Most investigators of material response under impulsive loads of high inten-
sity and short duration have treated the materials as a continuum. They assemble
a body of experimental data and then postulate a condition for fracture which
fits it. The experimental data consists of the stress and pulse width at the im-
pact surface and perhaps the stress and pulse width at the rear surface, which
for this study was linked to damage at an interior location in the specimen.
None of these stresses and pulse widths are the conditions at the damage location
but the latter approach them more closely. Cohen and Berkowitz2 have summarized
the relationships between stress and pulse width which have been developed in
this manner.

The simplest of these is a critical stress criterion. For the materials of
this study, such a criterion is not adequate since failure depends on both the
pulse stress and the pulse width . Stress gradient criteria have been proposed in
several forms; these can not be applied to this data because square pulses whose
gradients are not easily measurable were used in the experiments .

The criterion suggested by Butcher and Tuler 3 is of a form appl icable to
this data. It was examined in some detail. The criterion assumes there is a
base stress below which no damage occurs and that the relationship between the
peak stress and the pulse width is a power function , i.e. , a-os = aL~tb . The cal-
culated stress-pulse width data for both impact and rear surface stress piovided
by ETI were examined for fit to this relationship. An exponential plot program
was used for the examination. The program is provided by Hewlett-Packard with
their programmable calculator. The correlation parameter describes the least-
squares fit of the data and has values between zero and one, with one indicating
perfect correlation . The parameters describing the curves are functions of the
units of-stress and should be used only for .omparison purposes when the same
units have been used. Figure B-i shows the impact stress at matrix threshold.
The correlation parameter value of 0.99 indicates that the data fits this descrip-
tion well. It should be noted that the equation constants and the matrix differs
for M3, the high porosity material. Thus, it can be concluded from thi., that
voids affect the performance of the material. The fiber threshold data was ana-
lyzed in several ways as shown in Figure B-2. The correlation was insensitive to
choice of zero stress, i.e., stress below which no damage occurs. This is proba-
bly due to the use of only three data points for each curve. One fact holds for
both impact and rear surface thresholds : M1, the low modulus f iber material , has
differing equation constants from those of M2 and M3. Thus the modulus of the
reinforcement fibers affect the shock resistance of the material. The Butcher-
Tuler criterion3 gives a good description of the behavior of these materials;
however , it offers little insight into why these materials fail.

Failure criteria , util izing the impulse appl ied to the mater ial , have been
formulated in several ways. These are quite useful for pulse shapes other than
square , where peak stress or puls e width are not as well  defined . Because the
impulse data for the study materials was not available these criteria were not
examined.
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Figure B.1. Fracture thresh o ld stress.
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Tuler and Graham1 concluded at the end of their study that the materials
• were well described by the rate process criterion: a = A + B log t. A linear

plot program was used to examine this relationship with the logarithms of the
pulse width obtained before plotting. Figure B-3 shows the matrix impact stress
and rear surface stress data. Excellent correlation is shown and the equation
constants are consistent with the matrix of M3 differing from that of M1 and M2.

• Fi gure 8-4 shows the fiber impact stress and fiber rear surface stress data. In
general, the correlation is excellent. The equation constants do not clearly
differentiate between the material with low modulus z direction fibers , M1, and
those with high modulus fibers, M2 and M3. It can therefore be concluded that
the rate process criterion describes the observed data well but it does not offer
any information as to why this is so.
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APPENDIX C. MODEL DESCRIPTION

A MODEL FOR SHOCK DAMAGE

Examination of the sequence of events leading to failure has shown that, in
general, matrix fracture is followed by fiber bundle fracture. It can also be
shown that the fibers carry the majority of the load. Thus, in terms of struc-
tural integrity, the fiber bundle fracture is the critical event. It was there-
fore concluded that the most important portion to model was the fiber bundle
fracture.

The bundles are composed of large numbers of parallel graphite fibers. The
individual fibers are very stiff and almost completely elastic. Compared to tex-
tile fibers, there is a great deal of variability in their strength. While for
textile fibers a coefficient of variation of 2 percent is usual, values of 12 to
30 percent have been reported for graphite fibers. The question then is how a
large group of parallel, cylindrical elastic bodies of varying strengths can show
time-dependent fracture.

Under static conditions, when one fiber in a bundle breaks, the load on the
bunde is redistributed among the other fibers in the bundle. The model assumes
that this redistribution occurs under dynamic conditions. The shock velocities
considered here are only slightly higher than sound velocity in the materials.
If the redistribution is a disturbance that propagates with the sound velocity
in the materials, certain shock pulses will interact with the disturbance. The
thesis motivating the model is that if the shock pulse is of the order of the
width of the fiber bundle, the fiber strength distribution will be a determining
factor in the strength of the bundle. The time dependence of the fiber bundle
fracture can be described by studying the sequential fracture of fibers and the
resulting propagating stress disturb ance seen by nei ghboring fibers. This in-
volves calculating the stresses on given fibers due to both the pulse and previous
fiber failures. Although an individual calculation for this is not difficult, the
bookkeeping necessary for the bundle sizes that are appropriate dictated the use
of a computer program. This was developed as described below and used to generate
failure data. The program can be divided into three parts: the fiber strength
calculation, the stress wave propagation calculation , and the display of the re-
sulting fracture data. The development of each of these parts will be discussed
in sequence .

Consider the fiber strength distribution , i.e., the variation in the strength
of individual fibers within a fiber bundle. The theory motivating the model is
that this causes the time dependence in the sample failure and thus a quantitative
description of it is essential.

Graphite fibers are observed to fail in a brittle manner; that is, they ex-
hibit no yield and have low fracture elongations . Adequate test techniques have
been developed for two configurations: impregnated bundle tests and single fiber
tests. Data from the single fiber tests are needed for this application . Because
fiber bundles contain thousands of fibers and there are large variabilities in the
strengths, hundreds of test specimens are necessary to adequately measure the
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strength distribution. Some fiber manufacturers have generated such data in the
process of developing their fibers, but the data is not readily available in the
open literature. Livermore Laboratories* report that the coefficient of varia-
tion of Thornel 50 fibers of unspecified length has been measured to be 12 percent.
Modmor fibers in two-inch lengths8 have been measured to have coefficients of vari-
ation between 3.6 and 6.1 percent, with a Gaussian distribution of strengths . The
most extensive details on fiber distribution used for this study are given by
McMahon and apply to Celanese high modulus fibers.9 A coefficient of variation
of 30 percent was calculated for them as part of the analysis described below .

McClintock and Walter10 discuss a statistical description of fracture of
brittle materials which offers a mathematical expression to insert in the model
to describe the fiber strength variability. Their description relates the prob-
ability of fracture to a material strength distribution. It employs the asymp-
totic extreme value function of the third kind. The low stren gth portion of the
distribution is assumed to be described by the polynomial :

(S~S )m~1
g( S) = 

~~~~ (So_ S~)m

where m is an arbitrary constant while V~, S0 ,  and S~ are experimental parameters .
The material is assumed to contain a uniform density of flaws. Fracture depends
on the flaws . This means that the observed strength distribution is a function
of the size of the specimen tested. For bulk material , Vi Is the volume of the
specimen. For fibers, the dimension of significance is the length , i.e., the
number of flaw s present is proportional to the length of the test specimen and Vj
becomes a length Li. Si is the lowest existent strength and Li(S~

-Si)’~ taken to-gether are a constant. For part of this study S0 has been assumed to be the mean
fiber strength and S~ the lowest observed strength. Using these assumptions the
polynomial has the form:

(S -S )m_ l

g(S)  = j
~~ (S~

_S
~)m 
-

The problem now becomes that of finding the values for the experimental pa-
rameters and m which best describe the available data. One method is to use the
Cel anes e fiber stren gth di stributions given by McMahon as model s for the streng th
distribut ions of the fibers used in the specimens . This involves analyzing the
Celanese distributions , then assuming the specimen fibers have similar distribu-
tions and calculating the parameters using the known specimen fiber strengths .

•III \O . 1. 1 ., priV i ti.~ tiI fl l In U i  IC.) I ((In -

8. Tcchnic~tI I3IlIk ~Iin , ~ b Ir t’ .I n I t ,  Modm iir Iou ., (‘ost, Mt tj, (A.
9. %Ic” I-\} ION . P. I.. (;ra,thih- I ,/ ’cr Te,,sih- Prop(-rlI- /

~Iah(O1UJl t. \S I M SiP 5 2 1 - I97~ . p. 36 73 8 9 .
I II. MCC(.INTOCK. I- . A.. ,nol ~‘. A(.TIR. R. A . . f e C h Of l i I .s and SI a i i s t ~et OJ Bri111 - Crack !II(ttat ioII . R~~. Mt IIO . i ~4. lit hc phh~ht-d.
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This has been done and the resulting values are given in Table C-i. The assump-
tion of a higher coefficient of variation for the WYB fibers than for the Thornel
SOS fibers is based on the effect of the graphitization process necessary to de-
velop high modulus fibers.

There are several methods of determining the parameter m. If Si is assumed
to be zero (c~ is a small fraction, smaller if Si is not zero), the coefficientof variation can be shown to be related to m by:

— [(2/rn)! 1C ,~, — 
V(U/m)!Yz 

-

Values of CV and in for this relationship are given in Table C-2. The experimental
coefficient of variation data indicate that ta should be between 4 and 10 by this
criterion. Because the strength distributions are reported to be symmetric by
McMahon and others and thus have a skewness of zero, Figure 15.1€ of McClintock
and Argon11 gives a value of 3.75 for m .

Another method of describing the strength distribution has been developed by
Matthews, McClintock, and Shack.~ This takes experimental data, orders it, and
describes the probability of fiber fracture as a polynomial +(S). The material
strength distribution g(S) is a function of •(S):

- 
(dp (S)/dS)g( ~ 

— 

~di[l-~(S)]

This procedure has been applied to some of the data given by McMahon. A Hewlett-
Packard programmable calculator program for polynomial fit was used. A fifth-
order polynomial was found to give the best description of +(S). From this a
fourth-order polynomial for g(S) was found. Figure C-l shows the polynomial for
four sets of fiber data given by McMahon, one is for Modmor I fibers while the
others are for Celanese 70 fibers. Also plotted are three curves for the
McClintock and Walter poiynomi~J. Values of the parameters were varied to find

Table C-2. THE RELATIONSHIP BETWEEN THE
COEFFICIENT OF VARIATION AND THE

Table C-i. CALCULATED FIBER DISTRIBUTION PARAMETERS EXPONENT OF THE EXTREME VALUE DISTRIBUTION

Lowest (S
~ 

assume d to be zero)
Observed

Strength Strength m Cv

Fiber (mean) c St 1 1.00
2 0.52

Celanese 248 ksf 0.294 95.7 ks~ 
3.3 .33

WI’S 6.3 bars 0.30 0.82 bar :~~Thornel 5OS 20.4 bars 0.25 2.5 bars 6.67 .18
10 .12
20 .06
100 .01

II - McCLINTOC K , F. A., and ARGON , A. S. Brittle Failure. Chapter 13 in Mechanical Behavior of Materials, Addison Wesley, MA,
1966.
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the curve which best fits the experimental data. The form of the McClintock and
Walter polynomial is compatible with the form of the model. These parameter
values can thus be used to insert experimental fiber strength information in the
model. The computer program utilizes the following procedure. A random number
generator is used to determine the probability of a given fiber failing. The
strength of that fiber is then calculated using:

1/rnS = S~ + (S O_ S i) ( l n ( l — 4 ) ) )

where 4) is the probability of failure and S~, S0, and in are the parameters which
describe the strength distribution. The strength of each fiber in the bundle is
calculated and stored.

The stress wave propagation portion of the program was developed from the
following analysis. Model the material as a bundle of contiguous parallel fibers.
Consider the fibers in the bundle at just one axial location in the sample , i . e . ,
at a given value of the coordinate in the shock direction. This is justified by
both the microscopic examination of the samples and the shock wave theory which
predicts maximum stress at the plane of first tension. Assume a fiber break
occurs instantaneously when the Stress on the fiber equals the strength of the
fiber. Model the fiber break as a hole. Calculate the stress on each fiber and
compare it to the fiber strength as time passes. Figure C-2 is a schematic dia-
gram of the sequence of events.
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B - - - - - - Figure C-2. A schematic diagram of the fiber
fracture sequence showing the stress on each

A FIBER BAE.iI( fiber at successive times.
A - PROPAGA I .5O 5 - .~RB~ ’,C E  C P M  n 

~~~~ b~~Ea ”
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C -  D F F R A C T - O i i  OF S ONO FOd D(  ~-~~O’. IF

BOM F RST BROIIEN n p ) p

The stress at a given location at the current time is labeled SF. Initially
the stress on all fibers is the pulse stress, i.e., SF = SP. In the example —

(Figure C-2) fiber 6 breaks initially, i.e., is weaker than the pulse. As time
passes the load previously carried by this fiber is shifted to the neighboring
fibers. The wave source strength SW, which is the stress at a given location
at the time the fiber at the location breaks, is used to describe the propagat-
ing disturbance. The increment in stress on a fiber due to the fracture of
another fiber is defined at a specific time as SDT. The total stress on a given
fiber at a given time is the stress at the previous time plus the stresses due
to the broken fibers, SF = SF + ESDT. In Figure C-2 the stress on fiber 3 at
time 4 is the pulse stress plus the stress due to the fiber 6 breaking at time 1:
SF(3) = SP + SW(l,6)f(IT-ITW). The quantity IT-ITW is the distance between the
broken fiber and the fiber of interest since it has been assumed that the distur-
bance travels one fiber diameter per unit time; f(IT-ITW) is a description of the
stress concentration around the hole and is calculated below . Since the assumed
bundle width is eight fibers, when the disturbance from fiber 6 reaches fiber 8,
it is reflected as shown.

To avoid excessive correlations, only one reflection of any wave at an edge
was considered. Therefore, there are three possible paths by which a source can
affect a given fiber at a given time . It can be straight line propagation in
which case the distance is the difference between the break location and the given
location (fiber 4 at time 3). If the disturbance is reflected from the right edge,
the distance is the sum of the differences between the maximum number of fibers
and the given fiber and broken fiber locations (fiber 8 at time 5). If it is re-
flected from the left edge, the distance is the sum of the given fiber location
minus one and the broken fiber location minus one (fiber 1 at time 8). When the
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disturbance from a broken fiber encounters another broken fiber , a hole , it will
be diffracted since the broken fiber can sustain no load. The diffraction is an
additional wave source. The stress due to the diffraction is that from a source
of strength SDT. This is illustrated in Figure C-3. The stress on the surface
of the hole can be broken into the sum of the stress on the structure away from
the hole and a stress on all surfaces of the structure.

Consider the strength of the disturbance which propagates away from a fiber
break. Shock waves are described as pulses of given stress in the shock direc-
tion, given length, and uniaxial strain. Model the broken fiber as a circular
hole in a plate as shown in Figure C-3. Assume the stress distribution around
the hole can be approximated by the steady state distribution . Calculate the in-
crease in stress at point A due to the hole. The configuration is shown in Figure
C-4. The load on a fiber at the time when it breaks is uniaxial strain in the x

STRESS AT
Po o l s

~~~ ~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~ - -

~~~~~~~~~~~: 

Sw ~~ 
_ _ _ _ _ _

Figure C.4. Geometry for stress
Figure C-3. A stressed plate with a hole. concentration calculation.

direction (use polar coordinates with 0 = 00 in the x direction). The prescribed
conditions are thus: cyy = c~ z = 0. In general 

~xx = SW whi le in itial ly ~~~ =

SP . The stress in the e = 90 0 direction is °yy = ( V/ l - \) G X~~. Only the stress at
point A in the B direction is needed since this is the axial direction of the
fibers. The loca tion has coord inates (r ,90°). Calculate the stress due to °xx~
then the stress due to oyy~ 

and add to find the total stress. Use a second sys-
tem of coordinates for the latter calculation such that 01 = 0 - 900; the loca-
tion has coordina tes (r,O°) in this system. liinoshenko and Goodier 12 give the
stress distribution around such a hole in a plate as:

0rr = (S/2)[l - (a2/r 2)] + (S/2)[l + (3a~/r~ ) - (4a2/r Z)] cos 20

= (S/2)[i + (a2/r 2)] — (S/2)[l + (3a~/r~)} cos 20

where S is the stress on the plate and a the radius of the hole. Using these re-
lationships the stress in the 0 direction due to = SW (at 0 = 900) is:

12. TJMOSHENKO. S.. and G000IER, 1. N. Theorl’ of Elasticity . Oxford P~css , New York, 1951 , p. 78-80.
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= SW[l + (a2/2r2) + (3a4/2r~)]

The stress due to °yy = [v/ (l-v)JSW (at 0 1 = 00
)

000 = (SW/2)[v/(l-v)][(a2/r2) - (3a~ /r ’
~) ]

The sum of these stress is:

000 total = SW [1 + (1/(1-v))(a 2/2r 2) + (l-2v/(l-v))(3a t
~/2r

4)]

This is the total stress at point A while the quantity needed is the increase in
stress since SDT is defined as the stress increment due to a wave from a fiber
fracture. Its value is SDT = 000 total - SW. The distance r can be expressed in
terms of the number of fibers between the holp and the fiber of interest. Includ-
ing the fiber of interest this distance is r = 2na (see Figure C-5). The stress
increment in terms of the number of fibers is therefore:

SDT = SW [(l/l—v ))(178n2) + ( 1 -2 v f ( 1 —v ) ) ( 3 / 3 2 n~~)]

Using this description of the stress concentration and the previously described
sequence , the computer program does the stress wave propagation analysis.

The concluding portion of the program has several options . The stress on
each fiber at each time can be printed. The list of source strengths can be
printed. In all cases a fiber break plot that shows the time and location of
each break is printed.

To correspond to the experimentally observed fracture data the fiber bundle
is defined as failing when a fraction of its fibers has broken . This fracture
time is then the width of pulse which would give the defined damage . The frac-
ture data from the model consists of these times .

Appendix D is a listing of the computer program in the form used initially.

n - NUMBER OF FIBERS

BETWEEN A BROX EN
I F IBER AND A G I V E N

I i F IBER

Figure C-5. Geometry of fibers and holes.
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DATA FROM THE MODEL

The structure of the computer program is such that the maximum information
concerning the progress of the fracture is obtained for a fiber bundle of twenty
fibers or less. The initial work was therefore done with a 20-fiber bundle.
Table C-3 gives the results of a series of calculations using SDT-A .

SDT-A = ~ 1 1 3(l-2v)
[(1_v) (8n2) 

~ 

+ 
4~ 2

For a limited range of pulse strengths the failure time is dependent on the pulse
strength. Outside this range the bundle either fails immediately or never fails.
Since the fiber bundles in the experimental samples contain 10,000 fibers, corn-
puter data for a f iber bundle width of 100 fibers provides better comparison than
the smaller bundle. Using the 20-fiber bundle resul ts as a guide , a 100-fiber
bundle calculation was made . No diff iculty was encountered and a short fa ilure
time obtained. However, when a pulse of lower strength was used for the next
calculation , it was discovered that the calculation time had been underestimated
and such calculations would not be possible within the allotted budget . (A time
limit of 30 seconds on an IBM 370 or 2 minutes on a Univac 1006 was imposed by
the authors.)

The results of the 20-fiber bundle calculations were examined further. It
was noted that the stress increase on the unbroken fibers was less than the stress
rel eased by the breaking of the fibers. Thus the model did not approach the static
stress distribution at large times. To simplify the description of this discrep-
ancy a model strength distribution was substituted for the random strength distri-
bution. Three fibers in the center of the bundle were assigned a strength less

Table C-3. PULSE STRESS: FRACTURE TIME RELAT I ONSHIPS FOR
1II L Th REE STRESS I~1 CREMENTS

20—Fiber Bundle , S = 0, S0 20 , Max im um Tine - 20 Model Units

Pulse Stress Fracture Tjiiie Pulse Stress Fracture Time
(kbar) (model units) (kbar) (model units)

SOT—A ni = 5 10 -19 m = 10 15 ‘19
13 -‘1 9 16 >19
15 11 17 12
18 3 18 3
20 2 20 <1

SOT-B m 5 12 >19 m = 10 15 12
15 7 20 3
18 5
20 4
23 2

SDT-C ~ a 5 10 >19 ~ = 10 10 >19
13 10 , — 19 , -19 13 ~19
15 8 15 >19 , >19 , >19
15 13 , 9 , 7 16 7
16 4 , 6 , 5 16 11 , 15 , 7
20 3 17 5, 6, 16
20 3, 3 , 4 20 3 , 3 , 2
25 2

NOTE: Grou ped data points were run as sets .
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than the pulse strength. The remainin~ fibers were assigned a strength such that
they would not break. Results from cal~ulations using this strength distribution
are given in Table C-4. A pulse strength of 15 kbar was applied to the bundle
thus the stress tc be carried by the unbroken fibers is 45 kbar. Since SDT-A
adds only 17.8 kbar to the stress on the fibers, it does not satisfy the static
asymptote.

Table C-4. EQUILIBRIUM STRESS DISTRIBUTIONS FOR
VARY I~LG DESCRIPTIONS OF STRESS CONCENTRATION

20-Fiber Bundle , Maximum Time - 20 Model Units

Total Incremental
Maximum Stress (kbar) on Stress (kbar) on

Equation Fiber Contiguous to Hole Unbroken Fibers
SOT-A 1 20.2 17 .8

-B 2 22.0 23.6
-C 3 29.3 43.0

Stress ( kbar ) Added by Red is tribution at Ti me 19
Fiber Position (Number from Role)

1 2 3 4 5 6 7 8 9
SOT-A 5.1 1.6 0.8 0.5 0.3 0.2 0.2 0.1 0.1

-B 6. 9 1.8 0.9 0.6 0.4 0.3 0.3 0. 2 0.2
-C 14 .3 2.8 1.4 0.8 0.6 0.5 0.4 0.4 0.3

An alternate means of evaluating the stress increment is summing the stress
on a given fiber and assuming this stress is concentrated at the midpoint of the
fiber. This expression will approach the static stress distribution in the limit
of long times , i.e.,

SDTd - ~~ 1!. (l- 2v)1 - 
sw

J n=l/2 - (l-v) [8n - 
32n 2 j 112 

- T

The stress incremen t is:

SDT = - 
SW 1_i~(~ + =(l_v) LBn\ ~~~ /Jn-l/2

SW 1 Ii + 
(l—2v) (3n +1/4)

(1-v) 8(n+l/2)(n-l/2) [ 4 (fl+l/2)Z(fl_1/2)

This can be approximated by:

s - 
SW 1DT — 

8(l—v) (n2—l/4)
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Both the approximate form and the complete form of this were used to calculate
equilibrium stress distributions and failure data. These results are given in
Tables C-3 and C.-4 where

- SW 1SDT—B — 8(1-v) (n Z-1/4)

and

SDT c - 
SW ( 1 \ ~ + ~~~~ ( 1 1

— 
8(l-v) ~(n+l/2) (fl_l/2)/ L ~~ ~(n + l/ 2 ) 2 - 

(n-l/2)~

As can be seen from Table C-4 the third stress increment (SDT-C) approaches the
static stress configuration and thus provides a1 physically consistent description .
It was also noted that the third stress increment shows increased time dependence
over the first two.

The validity of the time values calculated by the model was questioned. A
simple approximation of the tracture time is the reciprocal of the probability o~fracture calculated from the extreme value distribution . (If the time for frac-
ture is assumed to be the time for the disturbance from a broken fiber to travel
to the next broken fiber , then this time is given by T = d/c4 where d is the fiber
diameter and c is the distrubance velocity in the material.) The mode l is set up
such that the distrubances travel one fiber diameter in each time unit , i.e.,
d/c = 1; thus the time is the reciprocal of the probability . Using

= i - exp (_ (SP_S~,SO_S~)m)

time values were calculated for the conditions used in the model calculations.
Figure C-6 compares this approximation with data from the model. Since the data
curves lie between the approximation curves , the model calculations are shown to
be valid.

Having shown that the mode l does give a time-dependent pulse strength descrip-
tion that is consistent with long time effects and probability theory, more effort
was applied to shortening the calculation method used in the computer program .

The first step taken was to streamline the steps of the calculation as much
as possible. One of the changes was to cal cula te and store a se t of inf l uence
coefficients instead of calculating each influence coefficient or stress concen-
tration as needed . Th is d i~.i not result in significant improvement. Another was
to shift the calculation mode from floating point to integer arithmetic. This
also was not adequate.

An alternative method of calculation was developed which had the advantage of
a more compac t means of storing the wave sources. It employs wave characteristics ,
i .e. , the rays from the sources , and numbers each source a long the charac ter istic
as to order of occurrence. A secondary array of the times of initiation of the
sources is also genera ted.
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Figure C-6. Comparison of computer and analytical data.

0 5 10 15
Model Ti me Units

The characteristics are initially assigned the positions of the fibers.
Through each position pass two characteristics, one right traveling and one left
traveling. The program is unchanged in the preliminary sections. The fiber
strengths and the source influence coefficients are calculated and stored. After
all the appropriate quantities have been initialized the main calculation begins.
As before, the fibers are considered sequentially as time progresses. The array
of sources is searched over both characteristics which pass through each fiber.
(This is the time reduction since all sources were searched previously.) The con-
tribution of each source is calculated and added to the stress increment. If the
fiber has not broken, the stress increment is added to the stress on the fiber.
If the fiber has broken, the stress increment is added up and temporarily stored.
If the fiber has not broken previously, the stress on it is compared to its
strength. [f it now breaks, the location becomes a wave source so sources are
added to both the characteristics. If the fiber has broken previously, the total
stress increment becomes a source on both characteristics. As previously the
stress on the fibers is tabulated after each time increment. At the conclusion
of the calculation the wave source array is transformed from its characteristic-
source number format to the position-time format and tabulated . A fiber break
diagram is also printed. The program is given in Appendix E.

The program using this calculation method required acceptable calculation
times (less than two minutes). Fracture data for a series of pulse heights were
calculated using the strength parameters employed previously. The fracture cri-
terion used was eighty percent of the fibers in the bundle broken. Figure C-7
shows the resulting data. Time dependence is observed with large amounts of
scatter in the data for long fracture times. An additional set of data (Figure
C-8) was obtained using the strength parameters derived from the Celanese fiber
data. Also shown is the curve calculated using the probability function. It
should be noted that the probability function shows greater time dependence than
the computer data.

37

- - 
- 1  ~~~~~~~~~~~~



- - 

~ ~~~~~~~~~~~~~~~~~

- 

m~~3. S1 .1 , S0 -20 
- m - 3 S 1 - 5 4 ~~ 0~~ M

SDT - C Stress Concentrat ion S Ob- C Stress Concer raitor
- 100 Fiber Bundle

- 100 Fiber Bundle -
- - - - 1(M) Time Units - Maxiniu!~ Allowed in100 t ime Units - Maximum Allowed in ci -

‘ oinputer ProgramComputer P rog ra m 0

- - 
0 Assume 100 Model Time Units - I r~ sec

— 
20 ~ Assume 100 Model Time Units . I ~sec 

— 
20

2 0 Computer Da ta

0 40 80 120 160 200 0 40 80 121) 160 200
Model Time Units Model Time Un i ts

Figure C-7. Computer and analytical fracture data. Figure C-8. Computer and analytical fracture data.

ASSESSMENT OF THE MODEL

Comparison of the data from the model with the experimental pulse height-
width data requires a definition of the model time unit . The model assumes the
disturbance propaga tes across one f iber diameter during each time unit . The fiber
diameter is seven microns. If one assumes the disturbance travels at the longi-
tudinal sound velocity in the material (see Table A-2), 1000 model time units are
approximately one microsecond. The model data shows that the pulse height-width
relationship exists for less than 100 model time units or approximately 0.1 micro-
second for this assumption . Examination of Figure 1 shows that the experimental
data gives a pulse height-width relationship for pulse widths between 0.2 and 2
microseconds. If one assumes the disturbance propagates with the shear wave
velocity in the material , 100 model time units are approximately one microsecond.
With this assumption the model data and the experimental data are in the same
range. However, the model data do not fit the experimental data well.

Experimentally, time dependence occurs over a range of almost 20 kbar while
the mode l shows time dependence over a range of 10 kbar or less. Efforts to in-
prove this fit took two directions , parameter adjustment in the strength distri-
bution expression and examination of the stress concentration description . The
jus ti f ication for the parameter adjus tmen t lay in the fact tha t the f iber strength
d istribu tions in the sample were not known .

The examination of the stress concentration began with a literature search .
The model assumes that the static stress distribution around a hole under uniax-
ial strain as described by Timoshenko and Goodier is a good description of the
dynamic stress distribution around such a hole. Confirmation of this assumption
was sought in the work of others .
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Blake13 discusses the propagation of spherical waves from pressure in a cay-
ity. He foun d the particle displacement to be:

k -ar
u = — e  sin w0 r

r

where k , a and w0 are experimental constants and r is a reduccd time. The time of
interest for this case is impact of the pulse on the location for which f(t) ~ 1.Using:

E ~u u
= (l+v)(1-2v) ~(l-~)~~ + 2’ç

from Hopkins,~~ this displacement results in an inverse square relationship for
the stress-distance function which justifies the static assumption of the model.

Hop ki n s also discusses the disturbance resul ting from pressure in a spherical
cavity. For the quasi-static case he states that :

= .-P(a3/r3)

He also uses Fourier transforms to analyze the dynamic case. At the conclusion
of the analy sis he states that at the wavefront :

= - (a/ r 3) P (D )  and c-~ = (-v/ 1-v) (aJr 3)P (O)

(assuming the exponent on r has been omitted in his text). If this is a better
description of the st ress con cent ration , the model has used a st ronger stress con-
centration than occurs and the damage will propagate more slowly than calculated.

The results of the literature search were therefore ambiguous. It was con-
cluded that investigation of the use of other stress concentrat ion descriptions
in the model was warranted.

If the Hopkin ’s expression is written in the terms used for the model , it
becomes:

= -(ka3/r3)SW ot = ( -v / l - v ) ) ( k a 3/r 3)SW •

The model considers the transverse tension , thus the latter expression was used
to develop a new stress increment expression . By the method employed prev iously
and assuming k = 1:

n 1SDT-D - 
8 ~l~\/[(n+l/2)

2 (n~ 1/2) 2j

13 BLAKE , F. G., Jr. Spherical Wave Pr opagation in Solid Media. J. Acoustica l Socks of America, v .2 4 , 1952 , p. 211-2 15.
14 HOPKINS, H. G. Ovnamk Expansion of Spherical Can tles in Metals in Progress Solid Mechanics 1 . Chapter III, Interscicnce ,

New York , 1960.
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This expression was inserted in the computer program and preliminary fracture
data generated with the program. The results are shown in Table C-S. This stress
concentration description showed time dependence for a pulse height range of less
than S kbar. Examination of the fiber break plots showed that there was very lit-
tle damage propagation in the fiber bundles.

Table C-5. STRESS CONCENTRATION DESCRIPTIONS

(Calculated Using the TOO-Fiber Model with
S0 20, S~ = 1.0, m 3)

Fracture Data
Source D istance Pu l se He ight Fracture T ime

Description Dependence (kbar) (model units)

SDT-E 1/r’~
5 5 >99

10 >99
15 >99
18 >99
20 10 ,17
23 2
25 <1

SOT—C 1/r 2 9 >99
10 41 ,87
15 6,4
20 2

SOT—F 1/r 2
~

5 10 >99
20 >99
25 <1

SDT-D h r 3 10 >99
20 >99
25 <1

Two additional stress concentrations were investigated. They were chosen
not on physical grounds but as logical mathematical extensions of the previous
trials. The first was:

v ka3/ 2
1-v r312 ~~

This gives a stress increment for the program of:

SDT-E = 
~~~~~~~~ (i~~){(n~l)2)

h/2 - (13+1/2) 1/2]

The second description was:

~ ~~5/2
°t = 1~~ r~/~~ 

SW

wh ich gives a stress incremen t of:

SDT-F = 
~~~~~~~~~~ (~~){(fl~l~2)3/2 

- (n+l /2) 3/2] .
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These stress increments were inserted in the computer program and preliminary frac-
ture data generated. The data shown in Table C-5 was examined to evaluate them.
The first expression shows time dependence for a pulse height range of less than
10 kbar and very little damage propagation. The second shows time dependence for
less than a 5-kbar range of pulse heights and no damage propagation.

From this investigation it was concluded that the stress concentration de-
scription used initially in the model (SDT-C) produces at least as much damage
propagation and time dependence as the other feasible alternatives.

The parameter adjustment study concentrated on the value of m, although sev-
eral sets of experimental parameters were used. For evaluation purposes a crite-
riot was formulated to describe the time dependence of the fracture stress; q is
defined as the ratio of the pulse stress which gives a fracture time of eight
model units to that for a fracture time of eighty units.

The available computer fracture data which had been generated using the pa-
rameters for the Celanese fibers and those projected for the sample fibers were
analyzed. For comparison, fracture times were also calculated with these param-
eter values in the asymptotic extreme value function (the approximation used pre-
viously). The resulting values of q are given in Table C-6. It can be seen that
decreasing m increases the time dependence (value of q). One also notes that the
strength parameters for the sample fibers give about the same time dependence as
those for the Celanese fibers when used in the model. Figure C-9 shows the effect
of changing the strength parameters on the data.

30 
~

— 
SDT C Stre ss Con~entraIion
100 Fi ber Bundle

— 100 Time Units - Maximum Allowed in
A Computer Program

A S 1 ~ 5.4 . S0 -~~
o~~,. 1 . s~~- 2 o

— — .,.__~~
, -

o I I ~i0 40 80 120 t oO 200
Model Tine Units

Figure C-9. Computer and analytical fracture data for m 2.
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Table C.-6. TIME DEPENDENCE OF PULSE LEVEL RELATED TO
THE VALUE OF THE STRENGTH DISTRIBUTION PARAMETER is

Distribution Parameters Computer Data Calculated
S0 S

~ 
is q q

34 5.4 5 1.32 1.45
3 1 .37 1.67
2 1.38 1.88
1.5 3.0
1.2 1.77

20 0 10 1.23
5 1.4 1.44

20 1 5 1.56
4 1.67
3.5 1.85
3 1.3 2.0
2.5 2.11
2 1.44 2. 67
1.5 3.0
1.3 2.9
1.2 3. 3
1. 1 2.9
1 2.8

20.4 2.5 2 1.44

The function used to describe the time dependence Is:

= q

The function used to calculate the failure times is:

T — 
1-exp[-(S-S~/S0-S~

)m] .

It Is the asymptotic extreme value function used In
the computer program to generate the fiber strength
distributions.

If the experimenta l data of Figure 1 in the text Is
examined , the following value for q represents the
tine dependence of the experimental data .

SPt~.Q2  ~sec 
= 3.8

~~t=l.O ~sec

A means of comparing the time dependence of the experimental data with that
from the model was sought. A best fit curve was drawn through the experimental
data of Figure 1 (main text). This represents a first-order approximation of the
experimental data. A value of q for the experimental data was calculated from
the fracture stress for a pulse width of 0.2 iisec and 1.0 lisec . This is larger
than the q for any of the conditions used in the model . Figures C.-7 and C-8 corn-
pare the mean experimental curve with the analytical curves and the computer data.
A time equivalence of 0.01 iasec per model time unit is assumed.

With the mean experimental data available , it appeared of interest to investi-
gate how it fit the probability description. A plot of lnS versus ln(-ln (l-1/T))
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gave an approximately linear curve of slope about in = 1.25, thus indicating the
experimental data can be represented by the probability description . Examination
of Table C-6 shows that q should be high for this in. A set of computer data was - 

-

generated using S0 = 40, S~ = 1 , and in = 1.25. This was closer to describing ex- —

perimental observations than any of the previous data as shown in Figure C-lO.
However, it was noted that the analytical data (from the failure probability) and
the computer data do not have similar curves. This is true at lower values of m
where the greater strength variability means that the damage propagation in the
computer model has a larger effect on the fracture time. It was also noted that
a shift of the computer data to longer pulse times and lower stresses would im-
prove the fit but no justification for such a shift was found.

) 
S1~~I, S0~~40. m~~ I.25

30 100 Fiber Bundle

0 100 Time Units - Maximum Allowed in
o Computer Progra m

25 0 SOT-C Stress Concentration

0 Assume 100 Model Time Units i ~tsec
o 0

Z2 0 0 0 0
2 o o —~o o o— Computer Data

~~ 

~~~~~~~~ al~~~ l~~ la 

Figure 

~~~~ 

fracture

Model Time Units

From the foregoing analysis of the parameter effects on the computer fracture
data, it was concluded that although the value of the m parameter affects the time
dependence of the computer fracture data, the computer data can not by this means
be made to fit the experimental data well. Other explanations of the differences
were sought.

Tuler and Graham1 calculated the static strength of the z direction fiber
bundles to be 13.7 kbar using the fiber strength and the volume fraction fiber in
the bundles (for the high modulus fibers). They attribute the failure at lower
strength than this to compressive damage. The visual examination of the polished
cross sections of the damaged specimens which was done at the beginning of this
study did not show any substantial evidence of such damage. Therefore, in postu-
lating a model , compression was not considered . A cursory examination of the
possibility of buckling was in order at this juncture.
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The fibers and the fiber bundles are to be considered as columns under com-
pression. Using the strength of materials description of the critical load for
buckling, a critical column length for a given load can be calculated. If the
column is assumed to have fixed ends, the critical load expression is:

4tr2 El
~

As a preliminary calculation a stress of 20 kbar was considered; a fiber will
buckle with a pulse longer than 7.8 x lO~~ usec under these conditions. This is
much shorter than the pulse lengths involved in this study. However, a fiber
bundle will buckle with a pulse longer than 0.25 lisec under these conditions.
This is in the pulse width range of the study. Buckling pulse widths were cal-
culated for fiber bundles for the stress range of the experiments ; these are
plotted in Figure C-il. If the column is assumed to be pin-ended, the critical
load for buckling is given by:

~
2 EIt3crit = 1J2 .

This expression was also used to calculate critical pulse widths for fiber bundles
and the data is also shown in the figure. Comparison of the values from the buck-
ling calculations with the experimental and computer model data show that although
buckling of the fiber bundles may contribute to the specimen failure, it does not
explain completely the behavior of the material. Further iitvestigation of buckling
phenomena was concluded to be beyond the scope of this study.

30 o Computer Data S1 I. S0 40. m 1.25
o 

0 — Fxperimenta l Data
0 —— fiber :undle Buckling

25
~~~,

’
b

0-

~~~ 0 0 0

4w 2(l
— ~

‘cr i t  77
10

I I ,r21l
t ‘cri t

5 —  5

a I I I I
0 0.5 1.0 1.5 2.0

Pu l se ~ idtb litsec i

Figure C-li . Comparison of buckling calculations.
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APPENDIX D. COMPUTER PROGRAM FOR FIRST MODEL
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APPENDIX E. COMPUTER PROGRAM FOR SECOND MODEL

C FIBER BUNDLE FRACTURE UNDER STRESS WAVES
REAL SW (99,100),SC (100),SF (100),SFSTOR (100),RLINE(100),SWNF (l00 )
INTEGER T IT IE(20) ,INT( 100)
DATA BL/ V
DATA DASH/’-’/
DATA X/ X ’/
IR 5
1W = 6
READ (IR.6) HSETS

6 FORt-IAT(1OX,I4)
00 999 NSET 1,NSETS
IF(NSET.GT.1) GO TO 8
READIIR ,?) IPAND

7 FORMAT( IOX ,I10)
8 CO~-1TINUE

READ( IR,9)  (TITLE(I),I 1,20)
9 FORIIAT (20A4)

READ(I R ,1O ) ITMAX ,JXMAX ,IFMAX ,PNU ,SP,SL ,SO ,RM,NDEBUG
10 FCRMAT( 3( 1OX.14,6X)/2 (1OX ,F10.4)/ 3( 1OX ,F10.4)/ 1OX, I4)

1~RIT E( IW ,20 ) (T ITL E(I) ,I 1,20)
20 FORMAT(1H1, 40H STRESS WAVE FRACTURE OF FIBER BUNDLES

1 ION B. CILLEY,14H JAH.6.1974 /1K
2 40H M.S. THESIS MIT DEPT OF IIECH ENG I/iN ,20A4 )

WPITE ( IW ,~ 2 )  ITNAX ,JXMAX ,IFMAX ,PNU,SP ,SL,S0,RM,IPANQ ,F1DEBUG
22 FOPMAT(1H ,35H SAMPLE AND MATERIAL PARAMETERS ,/1H

1 1OH ITMAX ,14,1OH JXMAX ,14,1OH IFIIAX :,I4/1H
2 10 K RNU ,Fi0.4,1OH SF ,F1O.4/1H
3 35H STATISTICS AND CONT ROL PARA M ETE R S /1K , 1OH SL :,F10.4,
4 10K SO ,F1O.4 ,1OH PM :,F1O.4/1H ,1OH IRAND ,IiO,
5 1OH NDEBUG ,14)

C ZERO THE ARRAY OF WAVE SOURCE STRENGTHS AND SET STRESS PULSE
DO 30 ~~~ 1, JXMAX
SF ( JXW )  SF
INT(JXW ) JXW
00 30 ITW 1, ITMAX

30 S~.i( ITW ,JXW ) 0
C CALCULATE FIBER STRENGTH DISTRIBUTION

~EA D( IR ,? OO ) (SC (JX ) ,JX :1,JX UAX)
200 FORIIA T (10(2X,F5.1),1OX )
34 C0~lTINUEO FIBER STRENGTH DISTRIBUTION

WR ITE( IW,100)
100 F0~MAT (1HO .20H FIBER POSITION JX/1HO ,20H FIBER STRENGTH SC/I

1 1H •30 (4 H* * * * ) )
L1VsX = ( JX MAX-1)/20 + 1
00 35 L 1ILMAX
JBEG = 2 O + l L — 1 l  + 1
JE~I0 = COIL

— 
IF (JE?ID .GT.JXMAX ) JEND JXM AX
WPITE (IU.101) (INT(JX), JX JBEG,JEND )

101 FOF (-1A T(1HO,20(2X,14))
WPITE (IW,102) (SC (JX), JX JBEG,JEND )

102 FO2MAT (1HO,20 (1X,F5.1))
W~ITE(Il3,10S )105 FORIIATI 1HO ,30( 4H1***))

35 CCNT IP3UE
(.PITE (IW ,150) IRAND

150 F O R M A T ( 1H O , 1 O H  IRA ND , I 1O)
SPRINTON

WRITE ( IW ,160)
160 FORMATI1HO ,BOH SWNF I .125/(1-RNU))*(( i.FAC2NU/(RNM5*RNI15 ) )/RNIIS

1—I ~.PA CZNU/ f RtlP5*RN P5))/RNP5
C CUPPENT STRESS ON FIBER ARRAY

IFIJ~t~ . ’< .CT .20 ) GO TO 36
~~ ITE( I l4 ,1O 3)
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103 FOPIIAT(1H1,25H CURRENT STRESS ARRAY /1HO,
1 20H FIBER POSITION JX/1HO ,30H CURRENT STRESS ON FIBER SF I
2 /1K ,3O (4H*~~*))
WP ITE(IW ,101) (INT (JX),JX = i,JXIIAX )

36 CONTINUE
C CALCULATE SOURCE ARRAY VALUES

00 361 HF = 1, IThAX
RNN5 FLOAT (NF ) — .5
~NP5 = RNII5 • 1.
FACONU (1. - 2. *PNU)/32.
SN NF (NF ) (.125/(1.-RNU ))*((1.,FAC2NUI(RNNS*PNII5))/RHM5-

1 (1. + FAC2NU/(RNPS*RNP5 ) )/RNP5 )
361 CONTINUE
C BEGIN TIME LOOP

DO 60 IT 1, ITPIAX
ISUMF 0
DO 50 JX 1, JXTiAX
IF (IT .EQ .1) GO TO 41

C SET FRAC TURE INDEX FOR BROKEN FIBE RS AND SUM THEM
IFRCT 0
IF IS F(JX ) .PI E.O.)  GO TO 37
ISUMF = ISLflIF + 1
IFRCT 1

C DE FINE WAVES FROM SOURCES AFFECTING THE PRESENT IT AND JX
37 ITNMAX IT — 1

DO 40 ITW 1, ITWMAX
00 39 JXW 1,JXtIAX
SWIJU SW(ITW,JXW )
IF(SWIJW ) 371,39,371

371 NF IT - ITW
IF( NF-IA BS(JX— JXW )) 383,335,383

383 IF( U F—( JX IIAX -JXW+ JX MAX—JX .1)) 386,385,386
336
C FIND STRESS INCREMENT ON FIBER JX , EMIT IT FROM BR OK EN FIBER
385 SOT = SW IJW~S~NF I HF )

IF(NF-IA&S( JX- JXW )) 387,359,337
351 11-C JXM -JXi44J)~NAX—4X41—JX144i—J X % 359,355.359
303 SOT = 5DT + S3T
389 IF( IFRCT) 38,331,33
331 SF IJX ) SF (JX ) + SOT

G0 T0 39
33 SU( IT,J() SW (IT ,JX) + SOT
3Q CON TINUE

~~0 CONTINUE
41 CO’JTX N’JE

SFSTOR (JX ) = SF(JX )
C COUNT AMY FIBER FRLCTURE AND NUCLEAT E A STRESS WAV E

IF IS F( JX ) .L E . S C (JX ) )  GO TO SO
ISUNF = ISUIIF + j
4(IT,JX ) SF(JX )

SF IJX ) 0

~~~ CONTINUE
C IS SPECIM EN FAILED CR PULSE GONE BY?

IF (JX1 -t4X .GT.20) GO TO 58
WRITE (IW, 104) IT, (5FL ’~OR (JX ),JX = 1,JXMAX )

104 FORt -tA T (1HO .1OHTIME IT ~.1X ,I4/1H0.20 (1X ,F5.1))
58 IF (ISUM F .GT .IFMAX ) ITFAIL IT

IF FISUM F. G T. IFMAX ) GD TO 67
60 CONTINUE
SPRINTOFF
C WAVE SOURCE STRENGTH ARRAY

ITFAIL = IT I- IAX
67 CONTINUE

IFIHDEGUG.G T.2) GO TO 66
LM AX ( JXMAX - 1)/20 + 1
00 65 1 = 1,LMAX
JBEG 20*11~1) • 1.
JEPID = 20$L
XF (JE ND.GT. JX MAX ) JEP-ID JXMAX
l~R ITE( IW.1?O ) I INT (JX) .JX = JSEG,JE NO )
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120 FCRFIAT (1N1.30H WAVE SOURCE STRENGTH ARRAY /1HO,30(4H*$**)//1HO,
1 20K FIBER POSITION JX/1H/,2O(2X ,14)1

WRI T E( 1W, 1221
122 FOP1L~T( 1HO,25 H WAVE SOURCE STRENGTH SW)

DO 63 ITW = 1, ITFAIL
(.CUTE(IW,1Z 1) 11W, (SNIIT W,J XW ), JXW = JBEG,JEND )

121 FOPMATI1HO,1ZHTIIIE 11W ,I4/1H ,20(1X .F5.1))
63 CONTINUE
65 CONTINUE
66 CONTINUE
C FIBER BREAK LOCATION PLOTS - 1 FOR EVERY 100 JX

LII4X = ( JX1-1&X—1)/100 • 1
00 75 1 1,LMAX
JBE G = 100 ’* ( L—l ) + 1
JEN O = 1OO~LIF(JEND.GT.JXM~X ) JEND = JXMAX

C WRITE JX EVERY 5 COLUMNS AS A HEADING
M~)AX (JEND-JDEG)/5 4 1
DO 70 M = 1,)C-IAX

70 IUT(M) = 5*M + L L—1 )
~ 1O0

WPI TE ( IW,1 30 ) ( INTIM), M = 1,MMAX)
130 FO~MAT I1H1,3QH BROKEN FIBER POSITION JX /1HO,1OX,20I5)
C BLANK A L L  C0LU~*(S00 71 K: 1 , 1 0 0
71 PLINE(K) = BL -

DO 73 IT = 1,ITFAIL
DO 72 4 JBEG,JEND
K J — JBEG + 1

C SET AND RETAIN X FCR BROKEN FIBERS (DASH FOR UNBROKEN)
IFI (SW (IT,J).NE.0.1.CR.(PLINEIK).EQ .X)) RLINE (K) X
IF(RLINE(K).NE.X) RLINE (K) = DASH

72 CONTINUE
C WRITE FRACTURE SY~BOLS FOR ALL IT ( LABEL IT EVERY 5)

— IF( r IoD ( IT ,51 .NE.0)  GO TO 74
KRITE(Ii-h131 ) IT, (RLINE(K), K = 1,100)

131 FORMAT I1K ,4HIT ,14,CX,100A1 )
G0 T0 73

74 WRITEII W, 132 ) (PLIUE(K),  K = 1,100)
132 FC7MAT ( 1H ,1OX ,100A 1 )
73 CONTINUE
75 CONTINUE

— KP!TE(IW,140) ITFAIL
140 FORMATI1 HO,1OH ITFAIL = ,14 )

-: 999 CONTINUE
STOP

END
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